Cytokinin was released into the medium by cultures of both Rhizobium japonicum and R. leguminosarum. Calculations show that the amount of cytokinin released during the logarithmic phase of growth by R. japonicum would be sufficient to initiate the cortical cell divisions necessary to form a root nodule. The substance released by R. japonicum was identified as a zeatin-like compound on the basis of paper chromatography in four solvent systems. Two solvents clearly separated the rhizobial product from N0-A'-isopentenyladenine and its ribonucleoside. The predominant intracellular cytokinin found in both enzymatic hydrolysates of sRNA and alkaline hydrolysates of total RNA also was similar to zeatin.
Root nodule formation, a prerequisite for symbiotic N, reduction in legumes, begins with a bacterial infection of the root cortex. Microorganisms of the genus Rhizobium penetrate the root tissue by means of a structure termed an infection thread. The bacteria induce polyploid mitoses in the cortical cells, and the nascent root nodule enlarges through continued mitotic activity of these polyploid cells. Purely physical wounding of the pea root cortex with a needle will induce a few polyploid mitoses if the vascular tissue is interrupted (6) ; however, no nodules are formed. Apparently bacteria serve as more than a simple physical stimulus to the host plant to initiate root nodules. An investigation was begun in an effort to understand the nature of the cell division factors which the bacteria supply to the root cortex.
In previous studies (8) , it was found tnat a cytokinin is produced by Rhizobium japonicum, the organism which nodulates soybean roots. The compound stimulated cell division in soybean tissue callus grown in vitro and induced polyploid mitoses in cultured pea root segments. Although the cytokinin was known to be released into the culture medium of bacterial suspensions, a combined extract of hydrolyzed cells and medium was used to characterize the compound. This procedure was necessary because the low levels of cytokinin in the medium alone made difficult the development of a purification technique.
The present investigation was begun in an effort to answer several questions. First Purification of the medium after intact bacteria were removed included cation exchange chromatography, butanol fractionation, and paper chromatography (8) . RNA preparations were obtained by two methods. Soluble RNA was extracted from R. japonicum cells with Holley's technique (4) . Elution of the DEAE3-cellulose column with a 0.0 to 1.0 M NaCl gradient produced two peaks of material which absorbed at 260 nm. Both peaks contained orcinol-positive material (9), and they were combined for hydrolysis. Nucleosides were released by enzymatic treatment (2). The RNA was dialyzed for 24 hr at 5 C before hydrolysis. In the second method, total RNA was isolated for alkaline hydrolysis by sonicating the cells, precipitating macromolecules with 80% (v/v) ethanol, and redissolving the precipitate in 0.1 M tris-chloride buffer, pH 7.5. The 80% ethanol-soluble fraction was saved for later analysis. Hydrolysis of RNA was carried out with 0.3 N KOH for 18 hr at 37 C. The mixture was adjusted to pH 7.0 with perchloric acid. After 2 hr at -20 C, the potassium perchlorate was removed by centrifugation, and remaining macromolecules were precipitated with ethanol. The resulting 80% ethanol-soluble material was purified in the same manner as the bacterial medium. The soybean callus assay for cytokinin was used in all experiments.
Initial paper chromatography was done on Whatman No. were done during the stationary phase of the growth cycle (8) . Although cytokinin was found in the medium after removal of intact bacteria, it can be argued that the compound was a product of autolysis. Production of cytokinins either by autolysis or by secretion could occur within the infection thread to promote root nodule initiation. Means et al. (7) demonstrated that a nodule often contains a single rhizobial strain in the presence of a mixed inoculum. Thus, one may speculate that a single bacterium is responsible for each nodule. Presumably one bacterium entering a plant could produce a population of bacterial cells which exhibit the typical lag, logarithmic, and stationary phases of growth.
In the absence of any information about the bacterial growth characteristics within the host plant, it was decided to determine the cytokinin levels in the culture medium at various stages of growth. If cytokinin is present in the bacterial medium throughout the growth cycle, then these in vitro studies may reflect the in vivo root nodule initiation regardless of the rhizobial growth characteristics within the plant.
R. japonicum cells were removed from the cultures at various stages of growth before purifying the medium. Figure 1 presents the data from a soybean callus assay of the material in the butanol phase after fractionation of the cation exchange column eluate. This experiment was performed on 3-day-old cultures in which cells were nearing the end of the logarithmic stage of growth. The results were typical of all trials in which cytokinins were isolated from the culture medium. Calculations from these data showed that the cytokinin concentration in these cultures was approximately 1 ,ug KE/liter of medium. Similar analyses were performed on the medium from cultures of R. japonicum on days 1, 2, and 10. The cytokinin content of the medium at each time was calculated, and the data are plotted in Figure 2 . In each case cytokinin activity was restricted to the RF 0.7 to 0.9 region in solvent A. Figure 2 demonstrates that the amount of cytokinin present in the medium increased during the logarithmic phase of growth. The increase in ,ug KE/g dry weight of bacteria between day 2 and day 3 was reproducible in different experiments and probably reflected an increase in metabolic rates during the rapid growth phase. The decrease in detectable cytokinin between day 3 and day 10 indicates that these compounds were either inactivated, metabolized, or masked by inhibitors. No cytokinin activity was detected in a 1.1 liter sample of day 0 cultures. It is possible to calculate that 0.04 ptg KE/liter of medium should be present on day 0 by combining the data in Figure 2 with the dilution factor involved during inoculation. This value is close to the day 1 level of 0.06 jug KE/liter of medium. The minimum response in the soybean assay requires 0.04 ,ug KE. If the cytokinin released into the medium by R. japonicum promotes the initial cell divisions in root nodule formation, then there must be stimulatory levels of the hormone present within the infection thread. This postulate proposes a simple test of the relevance of the data in Figure 2 , viz., calculate the cytokinin concentration within the soybean infection thread by combining these data with measurements made on electron micrographs of the soybean infection thread published by Bergersen (1) . The number of bacteria/A,,. nm unit was calculated from viable cell counts. This factor permitted a computation of the cytokinin released by each bacterium in Figure  2 . Combining these data with the number of bacteria/unit volume in the infection thread revealed that the free space within the infection thread could have a cytokinin concentration of approximately 690 jug KE/liter. This value is within the stimulatory range for both the soybean callus test and the pea root segment assay for cytokinin (8) .
This exercise proves only that the cytokinin released into the medium by cultures of R. japonicum is within a physiological range for stimulating cell mitoses. Arguments could be presented for either increasing or decreasing the in vivo cytokinin estimates, but it is difficult to disregard the presence of this hormone.
Ideally, the rhizobial cytokinin found in the culture medium should be crystallized and chemically identified. The low levels, however, made this a formidable task. Therefore a decision was made to compare the chromatographic characteristics of this unknown cytokinin with those of known cell division factors.
Most naturally occurring cytokinins have been identified as purine derivatives (11) . The rhizobial cytokinin fractionated with Z, ZR, 2iP, and IPA in all purification procedures used in this study. The presence of a purine or purine derivative was suggested by the fact that the active fraction absorbed ultraviolet light and was precipitated in acidic silver solutions. Fig-! Figures 1, 3, and 4 shows that the rhizobial product co-chromatographs with Z in four solvent systems. There appears to be a trace of zeatin ribonucleoside-like activity in the R, 0.78 to 0.84 fraction from Figure 1 when it is chromatographed in solvent C (Fig. 3) . Solvents B and D in Figures 3 and 4 clearly separate 2iP and IPA from Z and ZR. No cytokinin activity ever was detected in the regions corresponding to 2iP or IPA in either solvent B or D. The lack of complete coincidence of activity with the zeatin standard in Figure 3 does not detract from this point.
The conclusion to be drawn from these experiments, which were repeated several times, is that R. japonicum is teria reported to date are known to produce the higher plant cytokinin zeatin (11) .
Two experiments were conducted to verify that purification procedures did not alter the chemical nature of the cytokinin. Z differs from 2iP by a single hydroxyl group. Therefore it must be demonstrated that endogenous 2iP was not converted to Z during purification in the present studies. Accordingly, a commercial sample of 2iP was exposed to the purification conditions used in this study, and a sample of Z was subjected to the purification procedure used by Kliimbt et al. (5) . The latter method included the purification procedure from the present study, but, in addition, an acidic silver precipitation was used. The cytokinin was released from the silver by treating with 0.2 N HC1 at 50 C. After these treatments the known cytokinin samples were compared with untreated samples by chromatographing on Whatman No. 1 filter paper in solvent D.
In both cases the treated cytokinin produced an ultraviolet light-absorbing region with the same RF value as the control sample. There was no evidence of any interconversion between Z and 2iP in either purification procedure. Thus, the biologically active compound in Figures 3 and 4 did not represent an artifact produced from endogenous 2iP. Conversely, the compound isolated by Kliimbt et al. (5) and identified as 2iP (3) probably was not an artifact derived from endogenous Z. These results strengthen the conclusion that R. japonicum produces a zeatin-like compound distinct from 2iP.
Extraceliular Cyokinin Production by R. leguminosarum. Medium from cultures of R. leguminosarum, the organism which nodulates peas, was harvested near the end of the logarithmic growth phase. The soybean callus assay for cytokinin was used to examine the purified sample in the same 104Z/ Kinetinv Figure 1 . Dilution for this assay: 10.4 mg RNA/liter of test medium.
manner as the experiment with R. japonicum shown in Figure  1 . The results represented in Figure 5 demonstrate that, again, a region of cytokinin activity moved rapidly (RF 0.8 to 0.9) in solvent A, but a second peak of activity was found at R, 0.1 to 0.2. A total of 0.3 /ug KE/liter of medium was detected with the soybean callus assay. The possibility that R. leguminosarum releases a different cytokinin molecule than R. japonicum provides interesting speculation. No attempt was made, however, to rechromatograph the extremely low levels of cytokinin in the RF 0.1 to 0.2 region. The conclusion drawn from these results is that cytokinin production in Rhizobium is not restricted to the organism which nodulates soybeans.
Inracellular Cytokinin from R. japonicum. It is known that 2iP is a common cytokinin in bacterial sRNA (11) . The possibility existed that sRNA from Rhizobium contained 2iP, while the cytokinin released from the cells was a zeatin-like molecule. The alternative was that the sRNA contained a molecule similar to the cytokinin released by the cells. Therefore, the intracellular cytokinins from R. japonicum were extracted and analyzed in an attempt to distinguish between these two possibilities. A second reason for making the extraction was the desire to determine whether the levels of cytokinin found in the medium could result from autolysis of the cells.
The Holley method for isolation of sRNA (4) was applied to 66 g dry weight of R. japonicum cells. A total of 4.15 mg of sRNA was obtained and subjected to enzymatic hydrolysis (2) . Figure 6 shows the results of assaying the hydrolytic products for cytokinin after paper chromatography in solvent A.
Most cytokinin activity was located at R, 0.7 to 0.8 which was the same R, as ZR. IPA standards were clearly separated from ZR and occupied a region closer to the solvent front. The active fraction at RF 0.7 to 0.8 was rechromatographed in solvent B. Soybean callus assays of material eluted from this chromatogram produced the results shown in Figure 7 . Again the only cytokinin activity co-chromatographed with ZR and not IPA. These data strongly suggest that the zeatin-like compound found in the medium of R. japonicum also may be isolated from the sRNA of these organisms. Other work indicated that pea root cells contain up to 27 times as much cytokinin in an 80% ethanol-soluble form as occurs in sRNA (10) . Attempts to detect a cytokinin in the unbound nucleotide fraction from R. japonicum after phenol extraction were unsuccessful. Acidic silver precipitation was used in an effort to separate purines from residual phenol, but the negative results could be attributed to either the presence of phenol or the absence of cytokinin. Therefore, an RNA hydrolysate was prepared without phenol extraction.
Another 66 g dry weight sample of R. japonicum was extracted by sonicating the cells and precipitating macromolecules with 80% ethanol for alkaline hydrolysis. The unprecipitated fraction was analyzed for cytokinin after purifying in the same manner as the bacterial medium. Soybean callus assays of the 80% ethanol-soluble fraction gave no growth over a 1000-fold range of dilutions. The hydrolyzed RNA, however, contained 36 tug KE (Fig. 8) which, upon rechromatography, occupied R, positions corresponding to Z and ZR in solvents B, C, and D. Occasional traces of 2iP or an IPA-like cytokinin were found in solvents B and D, but no reproducible activity could be demonstrated with the soybean callus assay. These findings, however, do not rule out the possibility that very low levels of these purines may be present.
Relationship between Intracelnular and Extraceliular Cytokinin of R. japonicum. The results of this study demonstrate that the extracellular cytokinin found in the medium of R. japonicum cells has the same chromatographic properties as cytokinin isolated from the sRNA of the organism. Actual quantitative levels are more difficult to determine with the soybean callus bioassay. A maximum of 0.55 ,ug KE/g dry weight was found in an alkaline hydrolysate of total RNA (Fig. 8) . Cells near the end of the logarithmic growth phase had released 1.5 ueg KE/g dry weight into the medium. Unless the recovery of cytokinin from the RNA hydrolysates was very poor, these values indicate that a large portion of the bacterial population would have to undergo autolysis in order to account for the extracellular cytokinin in this manner. Viable cell counts paralleled the absorbance readings during the culture growth cycle. Thus one cannot attribute increasing turbidity of the cultures only to rhizobial polysaccharides or to cell wall debris. The simplest explanation for these findings is that R. japonicum cells secrete cytokinin into the medium during the logarithmic phase of growth.
In conclusion, it may be said that two microorganisms which produce root nodules on legumes have been found to release cytokinin into the medium in pure culture. The amount of cytokinin released could stimulate the mitotic events observed in the root cortex near the tip of the infection thread. If every infection thread in a soybean root were filled with cytokinin at the optimal concentration for inducing cell division in soybean tissue cultures, approximately 6.5 X 108 of those infection threads would have to be isolated to obtain enough cytokinin to be detected by the soybean callus assay. A direct demonstration of cytokinin production by Rhizobium within an infection thread must await more sensitive methods of detection.
